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t  j  J.  INTRODUCTION 

Originallylproposed  by  Langweiler,1  In  •»rly  1940's,  ths 
traveling  rhsrgafrrnnripf ffir  "impulss  gnnfols  «  solid  propellant 
propulsion  technique  thought  by  ballisticlans  to  offer  the  prospect  of 
muzzle  exit  velocities  in  the  3-brJ3  km/s  range  without  the  high  breech 
pressures  1000  MPa)^>required  of  conventional  gun  propulsion 

systens  .j  Resulting  advantagps^of  velocities  of  this  magnitude  have  been 
discussed  by  various  authors1'3  and  can  be  summarized  as  improved 
delivery  range,  increased  target  penetration  due  to  higher  kinetic 
energy  of  the  projectile,  and  enhanced  hit  probability  resulting  from 
the  decreased  time-of -flight  from  muzzle  to  target. 


An  Idealized  description  of  the  traveling  charge  effect  has  been 
presented  in  an  earlier  work  by  Smith4  and  is  shown  in  Figure  1.  The 
process  is  in  two  stages.  Ignition  of  a  conventional  granular  booster 
charge  is  used  to  rapidly  pressurize  the  chamber  and  accelerate  both  the 
projectile  and  a  very  high  burning  rate  (VHBR)  traveling  charge,  (TC) 
attached  to  the  base  of  the  projectile.  At  some  point  during  this 
initial  pressurization,  usually  past  the  peak  pressure  due  to  the 
booster  charge,  the  traveling  charge  is  Ignited.  Subsequent  idealized 
burning  of  the  TC  is  tailored  to  eject  combustion  products  at  sufficient 
velocity  so  as  to  maintain  constant  thrust/pressure  on  the  base  of  the 
projectile  until  burnout  of  the  propellant  is  achieved.  In  a 
conventional  gun,  high  velocities  can  be  achieved  by  using  more 
propellant.  As  the  projectile  leaves  the  gun,  a  considerable  amount  of 
the  chemical  energy  has  gone  into  accelerating  the  combustion  gases. 

This  causes  a  large  pressure  gradient  between  the  chamber  and  the 
projectile.  In  the  traveling  charge  concept  the  TC  propellant  is 
burning  such  that  the  gas  velocities  at  muzzle  exit  are  reduced  compared 
with  the  conventional  charge.  Consequently,  less  chemical  energy  is 
used  in  accelerating  the  combustion  gases.  Thus  at  very  high 
velocities,  the  traveling  charge  is  expected  to  be  more  efficient  than 
conventional  propelling  charges . 


In  summary,  the  idealized  traveling  charge  effect  is  characterized 
by: 


a)  The  attachment  to  the  projectile  of  a  very  high  burning  rate 
propellant  which  travels  with  the  projectile  down  the  tube  during 
the  ballistic  event. 

b)  Burning  of  the  TC  propellant  in  such  a  manner  as  to  produce  a 
constant  thrust/pressure  on  the  projectile  base. 

c)  Deviation  from  the  "normal"  pressure  gradient  which  would  be 
obtained  if  all  the  propellant,  booster  and  TC,  were  placed  in  the' 
chamber.  The  deviation  should  show  lower  peak  chamber  pressures 
and  Increased  downbore  pressures. 
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d)  An  Increase  in  nuzzle  velocity  over  the  corresponding 
conventional  firing  where  all  the  propellant  Is  located  In  the 
chamber. 
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Figure  1.  IdtRliERd.  Ittglllng.  ChltgR  fifiBhMltiflD4 


Since  achieving  propellant  burning  to  obtain  the  constant 
thrust/pressure  on  the  projectile  base  required  for  the  idealized  TC 
scenario  is  not  yet  at  hand,  many  realistic  questions  associated  with 
the  traveling  charge  concept  need  to  be  addressed.  Of  primary  interest 
is  the  identification  of  paraaeters,  of  the  gun  systea  and  of  both  the 
booster  and  traveling  charge,  which  have  an  effect  on  perfozaance  and 
how  they  can  be  tailored  to  obtain  optiaized  ballistic  results.  Thus ,  a 
series  of  parametric  calculations,  utilizing  the  computer  code  XNOVAKTC, 
was  performed  to  determine  the  effect  of  several  factors  which  were  felt 
might  impact  traveling  charge  performance.  The  eaphasis  in  all  studies 
was  to  determine  a  set  of  realistic  conditions  which  could  be  imposed  on 
the  gun  systea,  a  14-ma  test  fixture.  Therefore,  idealized  conditions 
such  as  ideal  burning  of  the  TC,  constant  pressure/thrust  on  projectile 
base,  were  not  considered.  The  parameters  studied  were: 
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a)  Gun  chamber  geometry 

b)  TC  ignition  tina/location  of  TC  burnout 

c)  TC  propallant  bum  rata 

d)  Boo star  propallant  gaoaatry 
a)  Charga-to-aaas  ratio 


In  addition,  the  Ballistic  Raaaarch  Laboratory  (BRL)  la  involvad  in 
an  axparlaantal  affort  to  daaonatrata  tha  travaling  charga  concapt  as  a 
practical  and  usaful  gun  propulaion  system  in  a  14 -an  bora  diameter  taat 
fixtura.  Tha  raaulta  of  tha  paraaatric  atudiaa  wars,  tharafora,  applied 
to  tha  BRL  taat  fixtura  to  determine  potential  optimal  performance. 
Computer  predictions  vara  also  correlated  to  experimental  firings  with 
results  reported  in  a  companion  paper. 

Tha  purpose  of  this  report  is  to  validate  tha  use  of  tha  computer 
coda  XNOVAKTC ,  summarize  findings  of  tha  paraaatric  studies,  and  assess 
tha  applicability  of  these  findings  to  tha  BRL  travaling  charga  gun 
program . 


II.  NUMERICAL  MESH  INDIFFERENCE  AND  COMPUTER  CODE  VALIDATION 

The  computer  code  selected  to  model  the  interior  ballistic  event 
was  the  XNOVAKTC  (XKTC)  code  developed  by  Paul  Gough  Associates.  This 
coda  is  a  combination  of  a  never  version  of  tha  NOVA6  coda  together  with 
tha  BRLTC7  coda.  Selection  of  XKTC  was  based  upon  several  factors. 
First,  tha  coda  has  tha  capability  to  model  the  interior  ballistics  of 
conventional  and  traveling  charge  guns  as  well  as  a  combination  of 
conventional  propellant  booster  and  traveling  charge  guns.  Second,  the 
code  includes  kinetic  options  which  allow  flexibility  in  investigating 
the  traveling  charge  effect.  The  final  factor  in  selecting  XKTC  was  its 
demonstrated  accuracy  ir.  predicting  gun  performance,  in  terms  of 
pressure  profiles,  pressure  oscillations,  and  velocity. 

fi 

In  an  earlier  report,  XKTC'S  predictive  ability  for  nmall  caliber 
systems  was  demonstrated.  In  this  report  ve  summarize  the  earlier 
results  and  address  the  down-bore  pressure  discrepancies  reported  in  the 
earlier  work.  Exact  details  of  the  experimental  setup,  which  was  used 
to  provide  initial  input  to  XKTC,  will  not  be  presented  in  this  report 
but  can  be  found  in  the  companion  paper.  However,  for  reference 
purposes,  a  schematic  of  the  gun  fixture  showing  pressure  port  locations 
is  shown  in  Figure  2.  The  fixture  is  a  14-aa  Mann  barrel  with  a  total 
length  of  290  cm. 
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Figur*  2.  Schematic  of  Experimental  Gun  Fixture  (dimensions  In  cml 


1.  NUMERICAL  MESH  INDIFFERENCE 

To  determine  the  numerical  dependence  of  XKTC  is  «  function  of  tho 
number  of  mesh  points  used  in  the  computation  the  code  vAs  run  Mslng  the 
traveling  charge  option.  As  mentioned  above,  the  input  parameters  used 
in  the  code  modeled  the  14 -mm  experimental  fixture  in  terms  of  gun 
geometry,  projectile  mass,  and  propellant  combustion  characteristics. 

For  this  study  40  g  of  booster  propellant  (non- deterred,  unrolled  small 
arms,  ball,  Olin  X-4179)  and  8  g  of  traveling  charge  (same  thermo¬ 
chemistry  as  booster)  vera  used  in  the  calculations.  Results  froa  XKTC 
for  various  number  of  mesh  points  are  presented  in  Teble  1. 


TABLE  1.  XKTC  Result*  for  Differ  set  Rsfcw  of  Nish  Points  — 
Travails*  Char**  Hod*  of  Operation 


Amber  of  Has  Brooch  Tie*  to  Missis  Exit  Pinal  barer  Pinal  Haas 
Hash  ft*.  Pressure  Hax  Brooch  Velocity  Defect  Defect 

Pressure 


(-) 

(HP*) 

(ns) 

(n/s) 

(■) 

(-) 

IS 

437.3 

1.117 

2303.7 

-12.631 

-14.17* 

31 

434.0 

1.128 

1304.3 

43.111 

44.641 

41 

434.4 

1.116 

1306.7 

40.62* 

41.67* 

31 

434.8 

1.127 

1307.8 

-2.04* 

-1.43* 

81 

434.8 

1.226 

1306.3 

40.77* 

41.57* 

At  can  b«  attn  from  Tab It  1,  cht  maximum  brttch  prttturt  and  mussls 
axle  velocity  ara  almost  idantlcal  for  tha  different  number  of  mesh 
points  usad.  However,  for  15  noth  points  largo  anargy  and  mass  defects 
ara  obtainad.  Using  31  or  more  mash  points  raducas  anargy  and  mas* 
dafaets  with  tha  bast  rasults  obtainad  for  41  or  61  aash  points,  basad 
upon  thoaa  rasults,  it  appsars  that  given  a  raasonabla  number  of  aash 
points  XKTC  calculations  for  this  systaa  ara  aash  lndapandant.  For  tha 
utudSsa  psrforaad  tha  aash  slsa  was  chosan  to  ba  41. 

2.  COMPUTER  CODE  VALIDATION 

To  dataralna  XKTC's  capability  to  siaulata  saall  callbar  gun 
firings  and  to  vail data  tha  coda,  coparlaons  vara  aada  between 
experimental  gun  firing  rasults  and  coaputar  slaulatlons  for  both  a 
conventional  and  a  travallng  charge  gun  firing. 

To  match  tha  axpariaantal  convantional  gun  firing,  tha  XKTC  coda 
was  run  In  a  conventional  gun  firing  noda.  Bum  rates  for  tha 
propallant  wart  obtainad  through  closad  chaabar  experiments.  Tha  mass 
of  propallant,  which  was  a  non  dat  arrad  ball  (usad  to  avoid  bum  rata 
uncertainties  assoclatad  with  datarrad  propallant),  was  34  g,  and  tha 
projactlla  mass  was  24.6  g.  Tabla  2  chows  tha  final  computed  rasults 
aftar  a  aarias  of  parametric  runs  which  involved  varying  tha  shot  start 
pressure  and  bora  resistance  profile.  Tha  final  row  of  data  in  tha 
tabla  presents  tha  dlffarancs  batwaan  computed  and  experimentally 
measured  pressures  and  velocities.  Overall,  tha  agreement  batwaan 
experiment  and  computation  was  excellent ,  except  for  gaga  5.  Computed 
pressure -time  (P/T)  profiles  from  XKTC  together  with  experimental  P/T 
profiles  are  presented  in  Figure  3.  A  comparison  of  the  computed  and 
axpariaantal  maximum  pressure  shows  tha  excellent  agreement  for  maximum 
breach  pressure  as  indicated  in  Table  2.  Differences  in  tha  maximum 
downbore  pressures  range  from  -8.5%  to  4%  In  addition,  the  timing  of 
the  events  (uncovering  of  gaga  locations,  ate.)  are  in  close  agreement, 
which  supports  tha  velocity  agreement  of  0.1%. 

TAILS  >.  Cm|m1n«  of  Vrodlctod  XXTC  BMulta  ed 

XxporlMn^’  *ocultc  tec  •  Coeven ticnai  Virlna 


Ckue  1 

Qe*e  a 

Oeje  3 

Ot*e  3 

tt|«  7 

Velocity 

hut 

VMS 

fees 

Ilkll 

he 

Interferometer 

(ITi) 

(NPe) 

(We) 

«••> 

(t*e> 

(a/e) 

XXTC  — 

Coeputed 

3*1 

330 

273 

03 

20 

1371 

leper leeatel  —  CeevenUeeel  PUlea 

(ID  0): 

3*0 

323 

221 

71 

20 

1370 
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13 

-6 

-6 

0 
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TABLE  2 
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Gage  7  Velocity 
Peer  Interferometer 


(MPa) 


(HPa) 


(MPa) 
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Figure  3b.  Experimental  Pressure -Time  Profiles  for  a 

Conventional  Gun  Firing 

Based  upon  the  success  in  matching  experimental  results  for  the 
conventional  gun  firing,  all  input  variables,  except  those  pertaining 
specifically  to  the  traveling  charge  and  booster  charge  weights,  were 
fixed  in  trying  to  match  the  results  of  the  experimental  traveling 
charge  gun  firings.  A  burning  rate  law  (r-bPn,  where  b-30.7  cm/(sec- 
MPa)  and  n-1.05)  was  used  to  describe  the  traveling  charge  burning.  The 
values  used  in  the  burning  rate  law  were  based  upon  burning  times 
obtained  through  closed  chamber  testing  of  the  VHBR  samples  which  were 
used  for  the  traveling  charge.  Further,  the  ignition  of  the  the 
traveling  charge  was  delayed  1.15  ms  after  the  ignition  of  the  booster 
charge.  The  time  delay  used  for  the  traveling  charge  was  estimated  from 
the  experimental  P/T  curves.  Table  3  summarizes  the  computed  results 
and  comparisons  with  the  experimental  data. 
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TABLE  3.  Caqptrican  of  Predicted  XKTC  Results  and 

ExparlSMntsl  Results  fee  Traveling  Charts  Flrint 


Gate  1  Gats  2  Gate  3  Gats  S  Gats  7  Velocity 

iatx  Fmax  fnax  Pbmx  Fttaz  Braakscrasn 

(MPa)  (MPa)  (MPa)  (MPa)  (MPa)  (m/s) 


XKTC  —  Confuted: 

55*  *72  620  66  3C  1762 

Experimental  —  Tr avalist  Charts  (ID  12): 

555  458  390  88  44  1630 

Difference: 

-1  14  30  -9  -5  152 

Percent  Difference: 

-.21  3X  52  -91  -UX  8.5X 


The  P/T  curves ,  both  computed  and  experimental ,  are  shown  in  Figure 
4.  As  with  the  conventional  case,  XKTC  results  are  in  reasonable 
agreement  with  experimental  results  for  breech  pressure  and  timing. 
However,  downbore  pressures  and  velocity  show  a  larger  difference  than 
for  the  conventional  case. 

Although  pressure  profiles  for  the  breech  gage  are  in  close 
agreement,  downbore  pressure  histories  and  velocity  show  a  large 
deviation  between  experiment  and  computation.  Possible  explanations  for 
this  discrepancy  involve  bore  resistance,  blow-by,  or  incomplete  TC 
combustion.  It  is  likely  that  the  bore  resistance  for  the  TC  case  was 
substantially  larger  than  for  a  conventional  firing.  The  TC  propellant 
holder  was  5  cm  long  and  made  of  thin  walled  (0.04  cm)  aluminum.  The 
noxrmal  forces  exerted  by  the  TC  burning  can  easily  exceed  100  MPa  which 
would,  in  an  unconfined  situation,  rupture  the  holder.  During  a  gun 
firing,  the  aluminum,  instead  of  rupturing,  may  be  forced  out  to  the 
bore  surface  when  the  TC  ignites  creating  a  very  large  bore  resistance. 
Consequently,  calculations  were  carried  out  in  which  the  bore  resistance 
profile  was  increased.  It  was  possible  to  decrease  the  calculated 
velocity  for  the  traveling  charge  simulation  from  1780  m/s  to  1650  m/s 
by  increasing  the  bore  resistance  from  20  MPa  to  40  MPa.  This  brought 
the  measured  and  calculated  results  into  closer  agreement.  Evidence  for 
a  possible  bore  resistance  increase  is  observed  in  Figure  5.  Plotted  in 
this  figure  is  velocity  versus  time  for  the  traveling  charge  firing, 
both  calculated  (constant  bore  resistance,  20  MPa)  and  experimental. 


8 


p  jMuseiiAjtfuvftftniuwiAnwuyuyviaivwvtfWii1*  vwuwx  vn  vxwx  w  vwy  i/mi/m’A, 


The  curves  are  the  sane  for  the  first  part  of  the  travel,  up  to  A.  The 
deviation  fron  A  to  B  nay  be  due  to  increased  bore  resistance  as 
described  above.  This  higher  resistance  would  result  in  both  higher 
pressure  and  lower  velocity.  As  mentioned  earlier,  lower  experimental 
velocity  may  also  be  a  result  of  gas  blow-by.  Referring  to  Figure  5,  at 
B,  the  data  from  the  interferometer  was  lost  due  to  propellant  gas  blow- 
by,  which  has  been  verified  by  high  speed  films  which  show  a  large  flash 
of  light  down  bore  at  the  same  time  that  the  interferometer  signal  is 
lost.  The  interferometer  signal  was  recovered  at  C.  Thus,  substantial 
propellar.t  gas  blow-by  (B  to  C)  could  result  in  a  lowering  of  the 
velocity.  The  final  explanation  based  on  incomplete  combustion  of  the 
traveling  charge  is  discussed  below. 

To  demonstrate  the  effect  that  the  traveling  charge  can  have  on  the 
interior  ballistic  process,  consider  the  pressure  and  velocity  histories 
for  ID  44,  a  successful  TC  firing,  and  ID  49,  (velocity  only)  where  the 
TC  did  not  ignite.  These  histories  are  given  in  Figures  6  and  7 
Ignition  of  the  TC  is  shown  as  point  D  in  Figure  7.  Prior  to  TC 
ignition,  the  pressures  and  velocities  should  be  the  same  for  both 
firings.  Examination  of  the  velocity  histories  (Figure  7)  indicates 
that  up  until  the  time  of  maximum  chamber  pressure  the  velocities  are 


identical.  After  this  time  the  TC  ignites  (point  D) ,  and  the  accel¬ 
eration  is  substantially  increased  for  ID  44.  Thus,  ignition  of  the 
traveling  charge  results  in  improved  acceleration  and  velocity  without 
substantial  increases  in  chamber  pressure. 


In  simulating  the  traveling  charge  firings  using  XKTC  the  same 
input  data  that  was  utilized  in  simulating  the  conventional  firings 
(booster  propellant  burn  rate,  as  determined  from  closed  chamber 
firings,  and  the  resistance  profile,  as  determined  by  matching 
calculated  pressure  and  velocity  histories  with  experiment)  was  used. 
Only  characteristics  of  the  traveling  charge  were  varied  to  try  to  match 
calculations  with  experiment.  An  estimate  of  the  TC  Ignition  waj  mada 
from  an  examination  of  the  experimental  velocity  histories. 

In  the  initial  set  of  calculations  previously  discussed,  a 
pressure 'dependent  bum  rate  law  was  used  to  describe  the  TC  combustion. 
However,  muzzle  velocities  were  consistently  larger  than  experimental 
velocities.  Therefore,  two  changes,  based  upon  experimental  evidence, 
were  made  in  the  burning  characteristics  of  the  TC.  First,  since  the 
calculated  velocities  were  systematically  high,  it  was  speculated  that 
not  all  of  the  9.6  g  of  TC  was  burning  and  contributing  energy  to 
accelerating  the  projectile.  There  is  some  experimental  evidence  for 
this  hypothesis .  Closed  chamber  firings*  have  indicated  that  for  this 
type  of  propellant  the  final  pressures  are  not  always  identical  with 
those  predicted  from  thermochemical  calculations.  This  could  be  due  to 
incomplete  combustion  of  the  formulations.  Also,  a  witness  plate  in 


Figure  6 .  ID  44.  Experimental  Pressure 
Late  TC  Ignition 
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Figure  7 .  Experimental  Velocity 
(44)  Late  TC  Ignition, 

(49)  No  TC  Ignition 

front  of  the  muzzle  for  the  experimental  firings  has  indicated  that  a 
substantial  amount  of  small  particulate  matter  is  being  accelerated  with 
the  projectile.  This  could  be  Interpreted  as  unburned  TC.  Thus,  a 
series  of  calculations  was  performed  in  which  the  burnt  amount  of  TC, 
out  of  the  total  of  9.6  g,  was  varied.  Second,  closed  chamber  firings 
of  a  number  of  TC  formulations  have  indicated  that  cylindrical  samples, 
similar  to  those  used  in  the  traveling  charge,  burn  with  some  form  of 
deconsolidation  rather  than  in  a  laminar  fashion.  Pressure  histories 
indicate  a  decreasing  mass  generation  rate  as  a  function  of  burn  time. 

As  a  consequence  of  these  two  observations ,  the  TC  combustion  data 
used  in  the  computations  were  altered  in  the  following  way.  First,  the 
total  amount  of  TC  burned  was  reduced  from  9.6  g  to  5.5  g,  with  the 
difference  of  4.1  g  being  added  to  the  projectile  mass.  Second,  a  dual 
burn  rate  law  was  introduced  depending  on  the  amount  of  TC  burned, 

r(m/s)  -  127  (0  to  4.5  g) 

r(m/s)  -  25.4  (4.5  to  5.5  g) . 

Thus,  the  first  4.5  g  burned  at  the  rate  of  127  m/s  and  the  final  1  g 
burned  at  a  rate  of  25.4  m/s. 

Pressure  and  velocity  histories  for  the  simulation  of  ID  44  Is 
shown  in  Figure  8  and  9 .  The  agreement  with  the  experimental  results 
(ID  44,  Figures  6  and  7)  is  reasonably  good. 
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III.  PARAMETRIC  INVESTIGATIONS 


Sine*  XKTC  h*d  d*aon*tr*t*d  *  reasonable  pr*dictlv*  capability  for 
both  conventional  and  traveling  charge  gun  firing*  in  th«  waall  caliber 
gun  system  under  atudy,  a  aeriea  of  para** trie  calculation*  vaa 
parfoneed  to  datermir.i  the  effect  of  several  factor*  which  could  iapact 
traveling  charge  performance . 

In  order  to  maintain  a  set  of  realiatic  conditions  which  could  be 
imposed  on  the  gun  system,  ignoring  uncertainties  such  as  bore 
resistance,  the  following  constraints  were  observed  throughout  the 
parametric  study. 

a)  The  web  of  the  booster  propellant  was  adjusted  to  produce  a 
maximum  gun  pressure  within  0.1%  of  435  MPa. 

b)  The  combustion  characteristics  of  both  the  booster  and  the  TC 
propellant  were  obtained  from  closed  bomb  combustion  diagnostic 
observations.  The  burn  rate  law  used  to  describe  TC  combustion 
was  r-bPn,  with  b-54.575  cm/(sec-MPa)  and  n-.95.  These  values  for 
the  burn  rate  law  are  equivalent  to  those  used  earlier  in  matching 
the  TC  firings.  The  exponent  was  reduced  to  .95  to  increase 
stability  of  the  numerical  calculations  in  XKTC. 

c)  Propellant  and  projectile  masses  were  those  used,  or  could  be 
used,  in  the  14-mm  test  fixture. 

d)  Except  for  the  chamber  geometry  study,  the  gun  dimensions  used 
in  the  code  were  that  of  the  BRL  test  fixture. 

e)  No  bore  resistance  or  shot  start  was  used. 

f)  The  velocity  of  TC  combustion  products,  relative  to  the  base 
of  the  TC,  vas  not  allowed  to  exceed  Mach  1.  This  limitation  is 
imposed  by  the  equations  used  in  Ute  XKTC  computer  model. 

1.  CHAMBER  GEOMETRY  STUDY 

The  purpose  of  the  chamber  geometry  study  was  to  determine  the 
effect  that  chamber  length  and  the  amount  of  chambrage  could  have  on 
ballistic  performance  in  the  traveling  charge  context.  Chambrage  is 
defined,  for  the  purpose  of  this  report,  to  be  the  ratio  of  the  diameter 
of  the  breech  face,  the  rear  of  the  chamber,  to  the  diameter  of  the  gun 
tube.  The  horizontal  distance  over  which  the  coning  due  to  the  chambrage 
extends  is  referred  to  as  the  taper  length.  In  the  study,  it  was  more 
convenient  to  work  with  the  ratio  of  the  taper  length  to  the  total 
chamber  length  than  the  amount  of  chambrage.  In  all  Instances,  the 
total  chamber  volume  was  fixed  at  100  cm3.  To  swintain  this  fixed 
volume  for  various  values  of  chambrage  the  breech  face  diameter  was 
adjusted.  To  illustrate,  consider  Figure  10.  In  both  the  upper  and 
lower  diagram,  total  chamber  length  is  50.8  cm.  For  (a),  the  length  of 
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the  taper  is  10.16  cm  and  the  main  chamber  length  la  40.64  cm;  chut  the 
length  of  the  taper  is  1/5  of  the  total  chamber  length.  To  maintain  a 
volume  of  100  cm3,  the  breech  face  diameter  la  1.57?  cm.  In  (b),  the 
caper  length  of  30.48  cm  repreaents  3/5  of  the  total  chreber  len^h  and 
requlrea  a  breech  face  diameter  of  1,627  cm. 
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Fifure  10.  Urging.  Diameter  for  Differing  Amounts  of  Chambrage 

A  bore  diameter,  100  cm3  chamber  in  the  14-ma  gun  Is  63,5  cm  In 
length.  Tn  the  study,  chamber  lengths  of  63.5,  50.8,  38.1,  25.4,  and 
12.7  cm  with  varying  taper  lengths  were  utilised.  In  all  cases,  40  g  of 
booster  propellant,  with  burning  characteristic  identical  to  those  of 
the  non- deterred  b?i.l  used  in  the  experimental  firings,  was  used. 
Propellant  web  was  adjusted  to  obtain  maximum  g’Jin  pressures  within  0.1% 
of  435  fr?a.  The  mass  of  the  TC  was  8  g,  and  its  ignition  was  delayed 
0.5  ms  after  the  attainment  of  maximum  pressure  from  the  burning  of  the 
booster  propellant.  Resulting  velocities  for  the  various  configurations 
are  presented  in  Table  4. 
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TAILS  4.  Velocity  (■/•)  Cot  Vorlooo 


Ttpot  Lonfttu.' 


•3.3 

CZMi 

so.  a 

a  imm  too 

30.1  13.4 

11.7 

0/3 

woe 

«M< 

•*«« 

#**• 

A  T 

1/3 

**•* 

1147 

1171 

1M7 

1301 

M  A 

0  t 

J/3 

**** 

1146 

1171 

11*3 

1301 

0  K 

R  Z 

3/3 

•*** 

1143 

1170 

1183 

1300 

t 

4/3 

•*** 

1146 

1173 

mi 

IMS 

3/3 

1143 

1171 

1187 

1301 

Sines  a  chamber  length  of  63.5  cm  repreaents  a  bore  diameter 
chamber,  no  chambrage  Is  possible,  hence  the  missing  entries  In  column 
one  of  Table  4.  Also,  a  shorter  chamber  having  no  taper  length  results 
In  a  chamber  with  a  vertical  rise  at  the  tube  entrance  as  shown  In 
Figure  11.  This  type  of  sharp  change  In  geometry  repreaents  a 
discontinuity,  and  the  code  would  either  not  execute  or  produce  results 
In  which  the  energy  or  mass  defects  were  large. 


CHAMBER  TUBE 


Figure  11.  Discontinuity  Resulting  From  Having  No  Taper  Length 

An  examination  of  Table  4  Indicates  that  the  amount  of  chambrage  or 
taper  length  appears  to  have  little  effect  on  muzzle  velocity  for  a 
given  chamber  length,  the  maximum  change  being  7  m/s  within  any  given 
column  of  the  table  However,  there  Is  a  gain  in  velocity  from  the 
longest  chamber,  63.5  cm,  to  a  shorter  chamber  of  12.7  cm.  The  gain  in 
velocity  from  the  longest  to  the  shortest  length  chamber  is  approx* 
imately  95  */■.  or  a  percent  increase  In  velocity  over  the  longer 
chamber  of  4.3%.  These  observations  are  supported  by  an  Analysis  of 
Variance  performed  on  Table  4.  The  results  indicated  no  significant 
difference  between  rows  but  a  significant  difference  between  columns.  A 
plot  of  velocity  versus  chamber  length  is  shown  in  Figure  12.  As.  can  be 


aeon  froa  th«  graph,  the  relation  between  velocity  and  chamber  length  la 
not  linear,  but  more  nearly  a  second  order  fit.  Thus,  a  large  portion 
of  che  benefit  due  to  a  ahorter  chamber  can  be  obtained  for  a  small 
percentage  decrease  in  chamber  length.  For  example,  the  gain  in 
velocity  in  going  froa  a  chamber  length  of  63.5  cm  to  38.1  cm  la  about 
70  m/s  of  the  total  95  m/s  difference  between  the  longest  and  shortest 
chamber  length.  This  represents  74%  of  the  total  velocity  Increase, 
70/95,  for  a  40%  decrease  in  chamber  length,  63.5  to  38.1  cm.  The 
reasons  for  ia* roved  velocity  performance  with  decreasing  chamber  length 
are  addresser  a  paper  by  Seigel . To  reiterate,  these  calculations 
were  carried  for  TC  simulation.  Similar  reaults  have  also  been 
observed  for  conventional  gun  simulations.  2 


VELOCITY  VERSUS  CHAMBER  LENGTH 


2.  TC  IGNITION  TIME/LOCATION  OF  TC  BURNOUT 

TC  ignition  tine  refers  to  the  tine  at  which  the  TC  ignites 
relative  to  the  start  of  the  ballistic  event.  For  example,  an  ignition 
tine  of  1.15  ms  neans  that  the  TC  ignites  1.15  as  after  the  primer  is 
ignited.  Location  of  TC  burnout  refers  to  the  position  of  the  projec¬ 
tile  in  its  travel  at  which  the  TC  has  totally  burnt  out.  The  two  are 
considered  together  since  a  change  in  ignition  tine  will  affect  the 
burnout  position  if  the  bum  rate  of  the  TC  is  held  fixed.  In  the 
study,  the  gun  geometry  utilized  in  the  code  was  identical  to  the  14-mm 
experimental  gun  fixture.  Both  booster  and  TC  propellant  burning 
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character it tics  vara  takan  froa  experimental  raaulta;  however ,  boot tar 
•an  and  geometry  vara  varlad  to  obtain  raaulta  for  a  variety  of 
•ltuatlona.  TC  aaaa  in  all  caaaa  vaa  8  g.  As  before,  the  veb  of  the 
booater  propellant  vaa  varlad  ao  aa  to  maintain  maximum  gun  pro a aura  at 
435  MPa.  It  ahould  be  pointed  out  that  the  maxima  pro  a  aura  of  435  MPa 
la  due  totally  to  the  booater  charge  acting  on  the  projectile  and  8  g  of 
traveling  charge.  If  the  burning  of  the  TC  eauaed  praaauraa  above  435 
MPa,  the  veb  of  the  booater  vaa  not  adjuated  to  reduce  the  pressure,  and 
the  simulation  vaa  not  considered  in  the  study.  The  purpose  of  the 
study  vaa  to  determine  if  there  vaa  an  optimal  ignition  delay  for  the  TC 
to  provide  the  maximum  velocity  and  hov  sensitive  vaa  performance  to 
variations  in  the  TC  ignition  delay. 

Typical  results  relating  velocity  to  TC  ignition  time  are  presented 
in  Table  5.  For  this  case,  55  g  of  ball  propellant  vaa  used  as  the 
booster  propellant  and  projectile  mass  vaa  18  g.  Maximum  breech 
preaaure  occurred  1.63  ms  into  the  event.  TC  ignition  times  prior  to 
1.63  ms  result  in  gun  pressures  exceeding  the  435  MPa  constraint  and 
vere  not  considered  as  stated  above. 


TABLE  5.  Velocity  as  a  Function  of  TC  Ignition  Time 

TC  Ignition  Velocity 

Time 

(ms)  (n/s) 


1.63 
1.65 
1.67 
1.70 

1.73 
1.83 
1.93 
2.03 
2.13 
2.23 
2.33 

2.38 

2.39 

2.40 
2.43 
2.53 

2.63 

2.73 


2256 

2260 

2264 

2274 

2280 

2306 

2332 

2355 

2375 

2400 

2417 

2424 

2421  ^ 

2415 

2396  l 

2332  f 

2272 

2211  J 


TC  did  not 
burn  out  in 
bore 


As  can  be  seen  from  Table  5,  as  the  TC  ignition  time  increases  up 
to  2.38  ms  the  velocity  increases  to  2424  m/s,  an  increase  of  168  m/s 
(7.4%)  over  the  velocity  for  TC  ignition  at  1.63  ms.  For  TC  ignition 
times  beyond  2.38  ms,  the  TC  did  not  burn  out  in  bore  and  the  velocity 
decreases.  Of  importance  for  designing  a  practical  traveling  charge  gun 
system  is  the  sensitivity  of  velocity  changes  vith  TC  ignition  time. 

For  instance,  in  this  case  the  optimal  TC  ignition  time  is  2.38  ms.  If 
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the  TC  ignition  varies  by  0.25  as,  velocity  dtcrtuti  significantly. 

For  example,  an  ignition  tiaa  of  2.13  aa  producaa  a  velocity  of  2375 
■/*.  which  is  a  drop  of  49  a/a  ovar  tha  optimum  2424  a/a  and  rapraaants 
a  loss  of  29%  of  tha  168  a/s  incraaso  available  from  adjusting  tha 
ignition  tiaa.  A  delay  of  0.25  as  shows  an  even  greater  loas.  At  an 
ignition  tiae  of  2.63  as  tha  velocity  is  down  to  2272  a/s,  which 
represents  an  alaost  total  loss  of  the  velocity  gain  froa  the  ignition 
tiae  of  1.63  as  to  2.38  as. 

Figure  13  suaaarises  the  relation  of  velocity  to  TC  ignition  tiae 
for  a  variety  of  different  propellant  geometries  and  charge- to -mass 
ratios.  No  direct  coaparlson  between  the  velocities  fof  the  different 
cases  should  be  Bade  due  to  the  different  propellant  and  projectile 
aasaes  used  in  the  studies.  However,  the  shape  of  the  curve  in  each 
case  is  Identical.  Velocity  Increases  with  delayed  ignition  tiae  up  to 
a  point.  This  point  occurs  at  an  ignition  tiae  beyond  which  all  the  TC 
does  not  burn  out  in  the  bare.  That  is.  for  maximum  performance  tha  TC 
should  bum  out  at  nurrle  exit.  For  each  curve,  TC  ignition  tlaes  prior 
to  those  indicated  on  the  graph  result  in  breech  pressure  exceeding  the 
435  MPa  constraint. 


1  1.4  1.1  l.l  I.*  9  3.4 
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Figure  13.  Velocity  Versus  TC  Ignition  Tiae  for  a  Variety  of  Simulations 


Also,  the  graphs  of  Figure  13  can  be  used  to  investigate  the 
sensitivity  of  performance  as  a  function  of  TC  ignition  tiae  relative  to 
different  booster  propellant  geoaetries  and  charge- to-aass  ratios.  The 
slope  of  tho  graph,  change  In  velocity  divided  by  change  in  ignition 
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tine,  Is  a  nsssure  of  this  ssnsitivity.  As  can  be  seen  in  Figure  13, 
going  from  a  c/m  of  1  to  a  c/m  of  4  for  the  ball  propellant  shows  a 
large  Increase  in  slope.  Although  not  shown,  for  larger  c/a' s  the  slope 
becomes  even  greater.  However,  the  slope  appears  to  be  insensitive  to 
changes  in  the  type  of  booster  propellant  being  used  as  long  as  the  c/m 
remains  constant  as  is  illustrated  for  a  ball  and  single  perf  propellant 
with  a  c/m  of  2.3.  thus,  the  ssnsitivity  of  performance  to  changes  in 
TC  ignition  time  increases  as  the  charge- to-mass  ratio  increases. 

If  the  burning  rate  describing  the  combustion  of  the  TC  remains 
fixod,  then  changing  the  TC  ignition  time  will  change  the  location  in 
the  travel  at  which  the  TC  burns  out.  Thus,  investigating  the  effect  of 
TC  ignition  time  on  performance  also  investigates  the  performance  as  a 
function  of  the  location  of  the  TC  burnout.  Figure  14  shows  velocity 
versus  the  location  of  the  TC  burnout  for  the  case  presented  earlier  in 
Table  5.  Total  travel  is  290  cm.  It  is  clear  from  this  graph  that  as 
TC  burnout  occurs  closer  to  projectile  muzzle  exit,  velocity  increases. 
As  expected,  the  location  of  burnout  correlates  directly  to  the  TC 
ignition  times  listed  in  Table  S,  with  the  last  point  of  the  graph 
corresponding  to  the  TC  ignition  time  of  2.38  ms. 

As  shown  by  Figures  13  and  14  and  Table  5,  tailoring  the  TC  ignition 
time  and  the  subsequent  location  of  TC  burnout  can  have  a  substantial 
effect,  on  the  order  of  7.4%  for  the  case  investigated,  on  the  benefit 
to  Ke  derived  through  the  use  of  traveling  charge.  It  should  be  pointed 
out  that  the  7.4%  represents  only  the  change  from  the  worst  to  best  case 
traveling  charge  simulations  and  is  net  relative  to  corresponding 
conventional  gun  simulations  which  are  detailed  later  in  this  report. 

Clearly,  not  having  TC  burnout  in  bore  should  result  in  lowered 
velocities  since  additional  energy  must  be  expended  to  accelerate  the 
parasitic  mass,  urihurnt  TC,  attached  to  projectile.  However,  the  reason 
for  improved  velocities  with  TC  ignition  times  resulting  in  TC  burnout 
near  muzzle  exit  is  not  as  obvious,  since  delaying  TC  ignition  means 
that  the  unbumt  TC  must  be  accelerated  farther  down  the  tube.  One 
possible  explanation  is  presented  in  Figure  15.  Shown  are  graphs  of 
base  pressure  versus  travel  for  two  different  traveling  charge  > 
simulations  with  TC  burnout  at  135  cm  (A)  and  60  cm  (0),  respectively. 
For  both  of  the  graphs  there  are  abrupt  drops  in. pressure,  from  200  to 
100  MPa  for  curve  0  and  from  100  to  50  MPa  for  curve  A.  The  position  in 
the  travel  at  which  the  drop  begins  is  approximately  the  location  at 
which  the  TC  burned  out.  Thus,  burnout  of  TC  in-bore  appears  to  result 
in  a  drop  in  magnitude  of  about  50%  in  the  base  pressure.  The  cause  for 
this  drop  is  that  TC  burn-out  results  in  a  change  in  direction  of 
combustion  gas  momentum  from  being  directed  toward  the  breach  while  the 
TC  is  burning  to  toward  the  muzzle  after  TC  burnout.  This  abrupt  change 
creates  a  strong  rarefaction  wave  which  appears  as  a  large  pressure 
drop.  Since  the  energy  imparted  to  the  projectile  is  essentially  the 
area  under  the  base  pressure  versus  travel  curve,  more  energy  will  be 
delivered  to  the  projectile  by  avoiding  the  large  drop  in  base  pressure. 
That  is,  a  TC  ignition  time  which  results  in  TC  burnout  near  muzzle  exit 
will  lncreane  the  energy  delivered  to  the  projectile. 
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3.  TC  PROPELLANT  BURN  RATE 


The  purpose  of  this  part  of  the  study  was  to  investigate  the  effect 
that  changing  the  TC  burn  rate  would  have  on  performance.  In  the  study, 
the  coefficient  of  the  bum  rate  law,  r  -  bPn  with  b—54.575  cm/(sec-MPa) 
and  n-.95,  used  to  describe  the  burning  of  the  TC  was  changed  to 
determine  its  effect  on  performance.  The  TC  and  booster  masses  were 
fixed  at  8  and  55  grams,  respectively.  As  in  earlier  studies,  the  web 
of  the  booster,  a  ball  propellant,  was  adjusted  to  maintain  the  435  MPa 
pressure  constraint.  Also,  based  upon  the  TC  Ignition  time  study,  the 
Ignition  time  of  the  TC  was  varied  to  obtain  TC  burnout  at  muzzle  exit. 
Thus,  in  effect,  the  study  investigated  ballistic  performance  relative 
to  the  burning  duration  of  the  TC.  Would  a  short  rapid  TC  bum  be  more 
effective  than  a  slower  bum?  Results  of  the  study  are  summarized  in 
Table  6.  The  maximum  percent  Increase  in  the  coefficient,  over  the 
baseline  coefficient  of  54.575  cm/(sec-MPa) ,  was  80%  to  limit  the  Mach 
number  of  the  TC  combustion  gases  to  less  than  unity. 

As  can  be  seen  from  the  table,  increasing  the  bum  rate  coefficient 
does  result  in  increased  velocity.  However,  the  gain  in  velocity  is 
rather  small,  only  54  m/s  or  a  percent  increase  of  2.2%  for  the  80% 
increased  coefficient  case  over  the  base  case  where  the  coefficient  was 
54.575  cm/ (sec -MPa) .  Percent  change  in  velocity  as  a  function  of 
percent  change  in  burn  rate  coefficient  for  all  the  cases  is  shown  in 
Figure  16.  It  is  important  to  keep  in  mind  that  for  the  study  the 
amount  of  TC  was  held  fixed  at  8  g.  This  is  an  amount  that  could  be 
readily  used  in  the  14-mm  test  fixture.  However,  if  the  TC  had  a  higher 
bum  rate,  then  more  than  8  g  could  be  used  and  burned  out  before  muzzle 
exit.  However,  the  potential  benefit  of  a  higher  TC  burning  rate  which 
would  accrue  from  an  increased  mass  of  traveling  charge  to  be  used  in 
the  system  was  not  addressed. 


TABLE  6.  Velocity  Result!  for  Clanging  Burn  Rat*  Coefficient  Describing 
the  TC  Combustion 


Z  Chance 

Coetf. 

(-) 

Bum  Rata 

Coeff. 

(  cm./(sec-MPa)) 

Has.  Mach 

Ruober 

(-) 

Length  of 

TC  Bum 

<«■> 

Velocity 

(■/a) 

-10 

A0. 118 

0.327 

172 

2A06 

0 

3A.S7S 

0.381 

138 

2A2A 

+10 

80.033 

0.836 

1A3 

2A3A 

+20 

03.A90 

0.880 

133 

2AA7 

+30 

81.863 

0.8A7 

100 

2A66 

+80 

08.233 

0.099 

101 

2A78 
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Figure  16.  ftrcent  Change.  inJtelgcisy  Versus  Percent  Change,  in  the 
Bum  Rate  Coefficient  Describing  the  TC  Combustion 


4.  BOOSTER  PROPELLANT  GEOMETRY 


It  is  generally  accepted  that  for  conventional  gun  systems  the  more 
progressive  the  grain  geometry  the  better  the  resulting  performance. 

For  traveling  charge  gun  systems  it  was  felt  that  a  more  degressive 
geometry  with  the  resulting  earlier  attainment  of  maximum  pressure  may 
be  more  beneficial.  Thus,  in  this  study  three  different  grain 
geometries  for  the  booster  charge  were  investigated.  ‘The  geometries 
were  a  ball  which  is  a  degressive  geometry,  a  single  perf  with  a  large 
L/D  which  gives  a  neutral  geometry,  and  a  seven  perf  granulation  which 
is  a  progressive  geometry.  First,  the  system,  which  was  identical  to 
the  14-mm  test  fixture,  was  optimized  as  a  conventional  gun  system,  by 
varying  booster  propellant  mass  and  web  to  obtain  the  maximum  velocity 
and  stay  within  the  constraint  of  a  maximum  breech  pressure  of  435  MPa 
for  each  of  the  three  propellant  geometries.  In  the  optimization  the 
mass  of  the  projectile  was  26  g.  This  mass  for  the  projectile  was 
selected  to  correspond  to  the  normal  18  g  projectile  and  8  g  of 
traveling  charge  propellant.  Thus,  the  conventional  optimization  was  to 
optimize  the  system  for  a  traveling  charge  system  up  to  the  time  at 
which  the  TC  was  ignited.  Results  of  this  optimization  are  given  in 
Table  7.  Unexpectedly,  performance  for  the  single  perf  granulation  was 
almost  3%  higher  than  that  of  the  seven  perf  granulation.  Similar 
results  were  obtained  for  a  conventional  (non- TC)  larger  caliber  system 
using  essentially  the  same  charge- to -mass  ratio.  3  At  this  time, 
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reasons  for  this  result  are  not  known.  However,  several  theories 
involving  propellant  grain  drag,  grain  slivering,  and  the  high  charge - 
to -mass  ratio  have  been  proposed  and  are  under  investigation. 


TABLE  7.  Opt Imitation  as  a  Conventional  Gun  Spates  tor  Different 
Propellant  Oeweatriea,  26-(  Projectile 


Propellent  Propellant  Velocity 
Type  Han 

(-)  (a)  (s/e) 


Ball  SS  1936 
1-Ferf  63  2064 
7- Pert  68  2008 


The  traveling  charge  was  then  introduced  for  the  optimized 
conventional  cases.  Projectile  mass  was  reduced  to  18  g  and  the  mass  of 
the  TC  was  8  g.  Again,  due  to  the  result  of  the  TC  ignition  time  study 
the  ignition  times  for  the  TC  were  adjusted  to  optimize  performance  by 
having  TC  burnout  close  to  muzzle  exit.  Results  are  given  in  Table  8. 
The  Inclusion  of  the  traveling  charge  has  resulted  in  Increases  of  about 
500  m/s  in  all  three  cases.  Relative  performance  has  remained  the  same 
with  the  single  perf  again  outperforming  the  ball  and  seven  perf 
propellant.  Thus,  for  a  fixed  mass  of  TC,  the  propellant  that  optimized 
the  system  as  a  conventional  gun  also  results  in  optimal  performance 
when  the  traveling  charge  is  allowed  to  burn. 


TABLE  6.  Velocity  Corresponding  to  Various  Booster  Propellant 
Geometries  in  TC  Gun  Systems 


Propellant 

Propellant 

TC 

Velocity 

iyp* 

Mail 

Maaa 

(-) 

(3) 

(8) 

(m/a) 

Ball 

55 

6 

2424 

1-Perf 

63 

8 

2534 

7-Part 

68 

8 

2467 

The  belief  that  a  more  degressive  propellant  geometry  would  yield 
better  performance  was  based  on  the  fact  that  if  the  maximum  pressure 
occurred  earlier,  then  the  traveling  charge  could  be  ignited  at  a 
oarlier  time.  However,  the  TC  ignition  time  study  showed  that  the 
ignition  time  of  the  TC  should  be  adjusted  so  that  TC  burnout  occurs  at 
muzzle  exit.  Thus,  the  results  of  Table  8  are  not  surprising,  since  for 
8  g  of  TC  the  ignition  is  delayed  well  past  the  time  of  maximum 
pressure.  A  fairer  test  of  the  effect  of  different  booster  geometries 
would  be  to  increase  the  mass  of  the  TC  to  the  maximum  amount  which 
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could  be  totally  burnt  before  nuzzle  exit.  This  case  was  performed  for 
the  ball  and  the  single  perforated  granulations.  In  addition,  the  burn 
rate  coefficient  of  the  TC  was  Increased  to  98.235  cm/(sec-MPa)  which 
would  allow  for  the  most  rapid  burning  of  the  TC  without  violating  the 
Mach  one  limitation  for  TC  combustion  products.  Results  are  shown  In 
Table  9.  As  can  be  seen  performance  is  virtually  Identical.  All  the 
benefit  of  using  the  more  progressive,  1-perf,  booster  geometry  has  been 
overcome  by  the  earlier  attainment  of  maximum  presaure  of  the  ball 
propellant  which  allowed  for  a  larger  mass  of  TC  to  be  burnt  in-bore. 
Thus,  it  appears  that  the  geometry  of  the  booster  charge  does  not  play  a 
critical  role  in  ultimate  traveling  charge  performance  if  the  amount  of 
TC  is  not  fixed  but  allowed  to  be  as  much  as  can  be  burht  in  tube. 


TABLE  9.  Optimal  Velocity  for  Diftarant  Booatar  Pro pa 11 ant 
Oaaaatriaa  with  tha  Maxima  Aaovnt  of  TC 


Booatar 

Booatar 

Travalin* 

Projactlla 

Velocity 

Propallant 

Propallant 

Chars# 

Maaa 

Typa 

Maaa 

Maaa 

<-) 

(•> 

<S> 

<S> 

(■/a) 

Ball 

S3 

34 

IS 

2664 

1-Par f. 

63 

26.73 

16 

2606 

5.  CHARGE -TO -MASS  RATIO  FOR  14-MM  TEST  FIXTURE 

As  was  discussed  earlier,  the  experimental  firings  to  test  the 
traveling  charge  concept  were  to  be  carried  out  in  a  14 -mm  test  fixture. 
There  was  an  interest  in  knowing  what  were  the  optimum  conditions  for 
demonstrating  the  TC  effect.  For  practical  reasons,  the  initial  tests 
would  be  done  with  approximately  8  g  of  TC.  The  question  is,  what  is 
the  best  projectile  weight  to  use  to  show  the  TC  concept?  Thus  the 
objective  was  to  determine  if  the  benefit  of  the  traveling  charge  was 
dependent  on  the  overall  propellant  charge -to -projectile  mass  (c/m) 
ratio.  A  series  of  comparisons  was  made  to  examine  the  difference  in 
velocity  between  conventional  and  traveling  charge  simulations  as  a 
function  of  c/m.  In  all  cases  a  ball  propellant  was  used  for  the 
booster  charge,  and  the  propellant  diameter  was  varied  to  obtain  a 
maximum  gun  pressure  of  435  MPa.  For  the  traveling  charge  simulations, 
40  g  of  booster  and  8  g  of  TC  were  used,  and  the  charge  mass  was 
considered  to  be  48  grams  for  purposes  of  computing  the  charge -to -mass 
ratio.  Again  the  ignition  time  of  the  TC  was  varied  to  force  TC  burnout 
Just  at  muzzle  exit.  In  the  conventional  calculations  two  different 
masses  were  utilized.  In  the  first  series  of  runs,  48  g  of  propellant 
was  used  so  as  to  maintain  constant  energy  for  the  comparison  with  TC. 
However,  with  48  g  of  propellant,  total  burnout  before  projectile  exit 
did  not  occur,  and  the  propellant  mass  was  lowered  to  40  g  resulting  in 
total  burnout  and  improved  velocity.  To  obtain  the  desired  charge-to- 


a*t a  ratio,  tha  mass  of  tha  projactila  waa  adjuatad.  Raaulting 
valocitias  for  tha  various  configurations  ara  prasantad  in  Tabla  10  and 
graphically  in  Figura  17. 


TABLE  10.  Velocity  tor  Vo ryint  Cbarta-to-Maaa  Ratios  la  Coavoatlaaol 
•ad  Traveling  Chars*  OiauLstioru 


C/M 

Canvaatietul 

CaovantloBal 

TravaUnc  Chars* 

Scop. 

Proj. 

Val. 

Prop. 

Psoj. 

Val. 

Prop.  TC 

ProJ . 

Val. 

Mm* 

Naas 

Haas 

Maaa 

Mass  Maaa 

Maaa 

(a) 

(S) 

(e/a) 

(s) 

(>) 

(■/a) 

(0)  (0) 

(0) 

(a/a) 

i/a 

40 

•0 

lies 

40 

00 

nos 

40  0 

00 

1177 

1/1 

40 

40 

1371 

40 

40 

1S43 

40  0 

40 

1002 

a/i 

40 

20 

2012 

40 

24 

1007 

40  0 

24 

2100 

3/1 

40 

13 

2204 

40 

10 

2220 

40  0 

10 

2440 

4/1 

40 

10 

2479 

40 

12 

2397 

40  0 

12 

2001 

As 

shown  by  Table  10  and  Figure  17 

.  as 

the  c/m  increai 

ses  the 

banafits  in  increased  velocity  from  using  traveling  charge  improves. 
Tabla  11  summarizes  the  percentage  increase  in  velocity  resulting  from 
using  TC  over  the  conventional  case  for  the  same  charge -to -mass  ratio. 
Thus  the  maximum  Increase  in  velocity  for  the  14 -mm  system  occurs  with 
the  lightest  weight  projactila  that  is  practical. 


TABLE  11.  Parcantaaa  Increase*  la  Velocity  Resulting  frea  Us in*  TC  Over 
Conventional  tor  Various  Charge- to -Haas  Ratios 


C/M 

Valocltiaa 

Pareaetat*  Inaraaaa  of  TC 

TC 

Coov.(40g) 

Coov. (48g) 

Ovar  40  §  Coov. 

Ovar  40  ■  Conv. 

(a/a) 

(a/a) 

(a/s) 

(-) 

(-> 

1/2 

1177 

1103 

nos 

-0.72 

+1.02 

1/1 

1002 

1371 

1343 

42.02 

+3.02 

2/1 

2100 

2012 

1007 

+4.02 

♦7.22 

3/1 

2440 

2204 

2220 

♦0.72 

+0.02 

4/1 

2001 

2470 

2307 

+0.12 

+11.02 

According  to  tha  theory  of  traveling  charge  as  proposed  by 
Langweiler,  the  velocity  gain  of  the  projectile  is  obtained  by 
transferring  kinetic  energy  from  tha  gas  to  projectile.  Also,  according 
to  Corner14  and  Hunt,  5  as  tha  charge -to -mass  ratio  increases  the 
kinetic  energy  contained  in  tha  propelling  gases  increases.  Thus , 
observing  an  increased  benefit  from  traveling  charge  as  the  charge- to- 
mass  ratio  increases  is  to  be  expected  from  the  traveling  charge  theory 
as  long  as  the  gas  internal  energy  and  energy  loss  remains  constant.  To 


26 


(Tbmit  »4  s> 


CIAIOI-TO-UAII  1ATI0 

a  TrivdUi  Chu|*  +  OutwUwuI  41  | 

«  Oumtlnil  44  t 


Figure  17.  Comparison  Between  Conventional  and  Traveling  Charge 

Velocities  for  Yarlgus  Charg%-tg-M«g  Hatiaa 


determine  if  this  indeed  was  the  case  for  the  simulations  being 
performed,  energy  balances  for  the  various  runs,  in  terms  of  percentage 
of  total  energy  available,  were  tabulated  and  are  shown  in  Table  12. 
These  calculations  were  carried  out  on  the  14 -mm  system  described  in  the 
previous  section.  The  energies  were  determined  at  the  time  when  the 
projectile  was  exiting  the  gun  and  is  the  sum  of  energy  from  the  breech 
to  the  projectile  base.  The  Energy  Losses  are  the  heat  losses  to  the 
tube  walls.  The  total  KE  is  the  sum  of  gas  and  projectile  kinetic 
energies.  As  can  be  seen  from  the  table,  the  sum  of  the  gas  internal 
energy  and  energy  losses  is  roughly  constant  for  each  of  the  three  basic 
propellant  configurations,  conventional  40  grams,  conventional  48  grams, 
and  traveling  cherge.  Additionally,  as  the  charge -to -mass  ratio 
increases,  the  kinetic  energy  of  the  gas  does  increase,  from  about  5%  to 
16%  of  the  total  energy  for  conventional  results  and  2%  to  11%  for 
traveling  charge.  Therefore,  in  the  traveling  charge  computations  gas 
kinetic  energy  is  reduced  and  the  increase  in  kinetic  energy  or  velocity 
of  the  projectile  is  obtained  by  decreasing  the  kinetic  energy  of  the 
propellant  gases  as  predicted  by  traveling  charge  theory. 
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TABLE  12,  Energy  Dlatrlbutlon  frea  Conventional  «td  Traveling  Chart*  Calculation* 


C/M 

Internal  0** 

biny 

(2) 

Energy 

Loatas 

(2) 

Oaa  Kinetic 

Inarty 

(2) 

Projectile 
Kinetic  Energy 

(2) 

of  0*a 

Internal  aid 

Loeaaa 

(2) 

Percent  See  KE 

la  of  total  KE 

(2) 

Couvantional  48  t: 

1/2 

49.6 

19.7 

3.0 

23.7 

69.3 

16.3 

1/1 

SI. 4 

16.0 

6.1 

22.3 

69.4 

26.3 

2/1 

ss.s 

16.3 

12.1 

18.3 

69.6 

39.6 

S/1 

94.6 

13.3 

14.3 

13.6 

69.9 

46.2 

4/1 

33.3 

14.6 

16.1 

13.6 

70.3 

34.2 

Convention*!  40  (: 

1/3 

47./ 

20.4 

3.3 

26.6 

66.1 

16.6 

1/1 

49.3 

16.3 

6.6 

23.4 

66.0 

26.9 

2/1 

31.6 

16.6 

12.6 

19.2 

66.2 

39.6 

S/1 

32.6 

15.7 

15.0 

16.5 

66.3 

47.6 

4/1 

33.9 

14.9 

16.6 

14.6 

66.6 

33.2 

Traveling  Chart*  - 

40  t  Booatar,  6  g  TC: 

1/2 

33.6 

18.0 

2.1 

26.3 

71.6 

7.3 

1/1 

34.6 

16.7 

4.4 

24.3 

71.3 

17.3 

2/1 

33.9 

13.4 

7.6 

21.1 

71.3 

26.4 

3/1 

37.6 

13.9 

9.6 

18.9 

71.3 

33.7 

4/1 

37.8 

14.0 

11.2 

17.0 

71.6 

39.7 

IV.  OPTIMAL  PERFORMANCE  FOR  14 -MM  BRL  TEST  FIXTURE 

Having  determlnad  the  lnportance  of  TC  Ignition  tine  and  burnout 
location,  it  was  of  interest  to  investigate  the  potential  benefits  which 
could  be  obtained  through  the  use  of  the  traveling  charge  concept. 

Thus,  comparisons  between  optimal  performance  as  a  conventional  gun 
versus  the  best  traveling  charge  results,  as  predicted  by  XKTC ,  for  the 
14-mm  gun  fixture  were  determined  (Table  13).  The  attempt  here  is 
simply  to  attain  the  maximum  velocity  possible  from  the  system  given  a 
propellant  type,  with  its  mass  and  web  allowed  to  vary,  under  a 
constraint  of  435  MPa  maximum  gun  pressure  ('normal  chamber").  In  all 
computations  no  bore  resistance  was  included  rince  the  actual  bore 
resistance  profile  for  the  14 - nm  test  fixture  is  unknown.  The  "extended 
chamber"  refers  to  enlarging  the  chamber  to  Include  the  volume  that 
would  be  occupied  by  the  TC  in  the  traveling  charge  simulation.  Thus, 
the  "extended  chamber"  cases  are  conventional  simulations  utilizing  an 
increased  chamber  volume.  The  "fixed  total  energy"  case  refers  to 
fixing  the  mass  of  propellant  used  in  the  conventional  simulation  to  be 
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the  sum  as  th«  total  me  is  uaad  In  tha  boat  TC  simulation,  In  thla 
Inatanca  92.75  g  (63  +  29.75),  and  than  allowing  tha  propellant  wab  and 
chamber  volume  to  vary  to  obtain  optiul  velocity.  Finally,  tha  "abort 
tuba"  calculatlona  refer  to  reducing  projectile  travel  from  2900  an,  200 
calibera,  to  1450  hi,  a  sore  realistic  100  calibers. 

Several  of  the  results  from  Table  13  are  worthy  of  mention.  First, 
the  additional  chamber  volume  resulting  from  the  "extended  chamber"  has 
not  resulted  in  an  Increase  in  velocity  compared  with  the  "normal 
chamber".  Second,  for  the  "normal  chamber"  the  optimal  results  are 
obtained  using  a  single  perforated  grain  instead  of  the  expected  seven 
perf.  Finally,  "traveling  charge  simulation"  predicts  (2909  m/s)  a 
velocity  increase  of  655  m/s,  a  29%  increase  over  the  best  conventional 
case  (1-perf,  "normal  chamber",  Table  13)  and  a  velocity  increase  of  829 
m/s,  a  40%  increase,  over  the  "fixed  energy"  calculation.  For  the 
"short  tubu"  configuration  the  calculations  predict  a  27.3%  Increase  for 
traveling  charge  over  conventional  charge  (2408  vs.  1891). 


Table  IS.  XKTC  Opt. imitation  of  Experimental  14-me  Gun  Fixture 


Booatar  Booster  Traveling  Charge  Projectile  Velocity 

Typo  Mate  Mata  Neaa 


(-) 

(t) 

(6) 

(B) 

be/a) 

MOMMA!  CUMBER  - 

-  CONVENTIONAL  FIRING 

Ball 

33 

- 

16 

2134 

1-perf 

SB 

- 

16 

2234 

7-perf 

60 

* 

18 

2193 

EXTENDED  CHAMBER 

—  CONVENTIONAL  FIRING 

1-perf 

64 

- 

16 

2239 

7-perf 

64 

* 

18 

2192 

FIXED  TOTAL  ENERGY  (Optimal  Loading  Density) 

1-perf 

>2.73 

* 

16 

2060 

TRAVELING  CHARGE  SIMULATION 

1-perf 

63 

29.73 

19 

2909 

SHORT  TUBE 

1-perf 

36 

- 

18 

1691 

1-perf 

83 

17 

18 

2408 

29 


V.  CONCLUSIONS 


Par •••trie  studlec  with  chi  computer  coda  indicate  that  the 
traveling  charge  concept  can  offer  aubatantially  increased  performance 
over  conventional  gun  aystens  when  hypervelocity  performance  is 
required.  The  implementation  of  the  concept,  however,  requires  a  light 
projectile  with  a  heavy  propellant  charge  (a  high  c/m)  and  precise 
timing  of  both  the  ignition  and  bum  out  of  the  traveling  charge 
propellant.  Specifically, 

1)  Chamber  geometry  can  have  an  effect  on  performance.  Increases 
in  velocity  on  the  order  of  4%  can  be  obtained  using  a  short 
chamber  versus  a  longer  chamber  of  the  same  volume. 

2)  The  bum  rate  of  the  TC,  per  se,  is  not  a  critical  factor; 
higher  bum  rates  for  a  given  amount  of  TC  produce  only  a  marginal 
increase  in  velocity  (2.2%  or  loss)  over  similar  conventional 
guns.  Burnout  of  the  TC  in-bore  is  crucial,  however. 

3)  The  optimal  booster  to  use  with  TC  appears  to  be  the  booster 
which  optimises  the  system  as  a  conventional  gun  if  a  fixed  amount 
of  TC  is  used.  If  the  mass  of  the  TC  is  allowed  to  be  as  high  as 
possible  for  optimal  performance,  then  the  booster  propellant 
geometry  appears  to  have  little  effect. 

4)  TC  can  yield  substantial  velocity  Increases  (10%  to  40%)  over 
Similar  conventional  guns  depending  on  the  overall  propellant/ 
projectile  charge -to -mass  ratio,  with  a  higher  overall 

charge -to-maas  ratio  favoring  traveling  charge. 

5)  The  ignition  time  of  the  TC  must  be  tailored  to  have  TC 
burnout  at  muzsle  exit.  Performance  drops  off  rapidly  if  burnout 
occurs  before  muzzle  exit,  or  if  all  the  TC  does  not  bum  out 
before  muzzle  exit. 


The  critical  Importance  of  the  last  factor  cannot  be  over 
emphasized.  The  most  significant  technological  hurdle  to  optimum 
TC  performance  remains  the  development  of  a  precise  Ignition  delay 

element. 
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ATTN:  R.J.  Thiede 
Baraboo,  WI  53913 

1  Olin  Corp/Smokeless  Powder 

Operations 
R&D  Library 
ATTN:  V.  McDonald 
PO  Box  222 
St.  Marks,  FL  32355 
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DISTRIBUTION  LIST 


No.  of 

£fi&i£A  Organisation 

1  Paul  Gough  Associates,  Inc. 

ATTN :  P . S .  Gough 
PO  Box  1614 
1048  South  St. 

Portsnouth,  NH  03801 

1  Physics  International  Conpany 
ATTN:  Library 

H.  Wayne  Wampler 
2700  Merced  Street 
San  Leandro,  CA  94577 

2  Rockwell  International 
Rocketdyne  Division 
ATTN:  BA08  J.E.  Flanagan 

J .  Gray 

6633  Canoga  Avenue 
Canoga  Park,  CA  91304 

1  Princeton  Combustion  Rsch  Lab 
ATTN:  M.  Summerfield 
475  US  Highway  One 
Monmouth  Junction,  NJ  08852 

1  Science  Applications,  Inc. 

ATTN:  R.B.  Edelman 
23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 

3  Thiokol  Corporation 
Huntsville  Division 
ATTN :  D .  Flanigan 

R.  Glick 
Tech  Library 
Huntsville,  AL  35807 

1  Scientific  Rsch  Assoc,  Inc 

ATTN:  H.  McDonald 
P0  Box  498 

Glastonbury,  CT  06033 


No.  of 

QmniBatlon 

1  Thiokol  Corporation 
Wasatch  Division 
ATTN :  Tech  Library 
PO  Box  524 

Brigham  City,  UT  84302 

2  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Biddle 

Tech  Library 
PO  Box  241 
Elkton,  KD  21921 

1  Universal  Propulsion  Company 

ATTN :  H . J .  McSpadden 
Black  Canyon  Stage  1 

Box  1140 

Phoenix,  AZ  85029 

2  United  Technologies 
Chemical  Systems  Division 
ATTN:  R.  Brown 

Tech  Library 
PO  Box  358 
Sunnyvale,  CA  94086 

1  Veritay  Technology,  Inc. 

4845  Millersport  Hwy 
PO  Box  305 

East  Amherst,  NY  14051-0305 

1  Battelle  Memorial  Institute 

ATTN :  Tech  Library 
505  King  Avenue 
Columbus ,  OH  43201 

1  Brigham  Young  University 

Dept  of  Chemical  Engr 
ATTN:  M.  Becks tead 
Provo,  UT  84601 
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DISTRIBUTION  LIST 


No.  of 

fiMltB  Organization 

1  California  Institute  of  Tech 

204  Karaan  Lab 
Main  Stop  301-46 
ATTN:  F.E.C.  Culick 
1201  E.  California  Street 
Pasadena,  CA  91109 

1  California  Institute  of  Tech 

Jet  Propulsion  Laboratory 
ATTN:  L.D.  Strand 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 

1  Professor  Herman  Krier 

Dept  of  Mech/Indust  Engr 
University  of  Illinois 
144  MEB;  1206  N.  Green  St 
Urbana,  IL  61801 

1  University  of  Minnesota 

Dept  of  Mechanical  Engr 
ATTN :  E .  Fletcher 
Minneapolis,  MN  55455 

1  Washington  State  University 

Dept  of  Mechanical  Engr 
ATTN:  C.T.  Crowe 
Pullman,  WA  99163 

1  Case  Western  Reserve  U. 

Division  of  Aerospace  Sciences 
ATTN:  J.  Tien 
Cleveland,  OH  44135 

3  Georgia  Institute  of  Tech 

School  of  Aerospace  Engr 
ATTN:  B.T.  Zinn 
E.  Price 
W.C.  Strahle 
Atlanta,  GA  30332 


No.  of 

Copies  QiginUitlgn 

1  Institute  of  Gas  Technology 

ATTN:  D.  Gidaspov 
3424  S.  State  Street 
Chicago,  IL  60616 

1  Johns  Hopkins  University 

Applied  Physics  Laboratory 
Chemical  Propulsion 
Information  Agency 
ATTN:  T.  Christian 
Johns  Hopkins  Road 
Laurel,  MD  20707 

1  Massachusetts  Institute  of 

Technology 

Dept  of  Mechanical  Engr 
ATTN :  T .  Toong 
77  Massachusetts  Avenue 
Cambridge,  MA  02139 

1  Pennsylvania  State  Univ. 

Dept  of  Mechanical  Engr 
ATTN:  K.  Kuo 
University  Park,  PA  16802 

1  University  of  Michigan 

Gas  Dynamics  Lab 
Aerospace  Engr  Bldg 
ATTN:  Dr.  G.M.  Faeth 
Ann  Harbor,  MI  48109-2140 

1  Purdue  University 

School  of  Mechanical  Engr 
ATTN:  J.R.  Osborn 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN :  Tech  Library 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 
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DISTRIBUTION  LIST 


jNo.  of 

CMlBt  Organisation 

1  Ranasalaar  Polytachnic  Inst. 
Dapartnant  of  Mathamatlcs 
Troy,  NY  12181 

1  Dlractor 

Los  Alamos  National  Lab 
ATTN:  M.  Division,  B.  Craig 
T-3  NS  B216 
Los  Alamos,  NM  87545 

1  Stavans  Inst,  of  Tach 
Davidson  Laboratory 
ATTN:  R.  McAlevy,  III 
Castle  Point  Station 
Hoboken,  NJ  07030 

1  Rutgers  University 

Dept  of  Mechanical  and 
Aerospace  Engr 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  U.  of  Southern  California 
Mechanical  Engr  Dept 
ATTN:  0HE200,  M.  Gerstein 
Los  Angeles,  CA  90007 

2  Univ  sity  of  Utah 

Dc'i  jf  Chemical  Engineering 
ATTN:  A,  Baer 

G ,  Flandro 

Salt  Lake  City,  UT  84112 

Aberdeen  Proving  Groupfl 

Dir,  USAMSAA 

ATTN:  AMXSY-D 

a^'SY-MP,  H.  Cohen 

Cdr,  USATECOM 

ATTN:  AMSTE-T0-F 


No.  of 

COPlflS  Organlgatlon 


Cdr,  CRDEC,  AMCC0M 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-SPS-IL 


Cdr,  USACSTA 
ATTN:  S.  Hal ton 
G.  Rice 
D.  Lacey 
C.  Herud 

Dir,  HEL 

ATTN:  J.  Weisz 
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USER  EVALUATION  SHEET/CHANGE  OP  ADDRESS 

This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  tha 
reports  it  publishes.  Your  comments/answers  to  the  items/questions  below  will 
aid  us  in  our  efforts. 

1.  IRL  Report  Nuaber _ _ _ pate  of  Report _ 

2.  Date  Report  Received  __  -  - - 

3.  Does  this  report  satisfy  a  need?  (Consent  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used.) _ 


4.  How  specifically,  is  the  report  being  usedT  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  inforaation  in  this  report  led  to  any  quantitative  savings  as  far 
as  aan -hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved, 
etef  If  so,  please  elaborate. 


6.  General  Consents.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organisation,  technical  content,  format,  etc.) 


CURRENT 

ADDRESS 


Name 

Organization 
Address  “ 

City,  State,  Zip 


7'  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


flue - 

OLD  Organisation 

ADDRESS 

Address 

City,  State,  ^ip 


(Remove  this  sheet,  fold  as  indicated,  etaple  or  tape  closed,  and  mail.) 


